Vacuoles isolated from mesophyi protoplasts of the Crassulacean acid metabolism plant Bryophyliwn daigremnwa n take up 14CIL-malic acid from the medium. The initial rates of uptake show saturation kinetics (apparent Km about I millimolar). In competition experiments, the uptake rates of L-malic acid are greatly reduced in the presence of a surplus of Dmalic and tartronic acid. A number of other acids are much less effective and aspartic and isocitric acid have virtually no effect. The Hamburg, Germany) for 3 h and then with 0.5% (w/v) Cellulase SS (Onozuka) in the presence of 0.2 mm PEG 4000 overnight at room temperature. Protoplasts were then isolated as detailed in (4). This empirically developed procedure yielded protoplasts (Fig. la) suitable for the preparation of vacuoles of the purity and stability necessary for the transport experiments.
malic and tartronic acid. A number of other acids are much less effective and aspartic and isocitric acid have virtually no effect. The uptake rate of malic acid is unchanged in the presence of ATP and the uncouplers dinitrophenol and carbonyl cyanide m-chlorophenyl hydrazone. When the vacuoles are isolated in the absence of bovine serum albumin or when 1 milimolar HgCl2 is added, they are inactive in transport but retain their malic acid pool. The existence of a specific permease which catalyzes an exchange diffusion of malic acid across the vacuolar membrane is postulated.
CAM is a conspicuous feature of photosynthesis in various succulent plants. It is characterized by fixation of CO2 and accumulation of malic acid at night, and the utilization of this acid as an endogenous source of CO2 during the subsequent light period. Thus, CAM is associated with the rhythmic filling up and depletion of large storage pools of malic acid. For obvious reasons it has tacitly been assumed that during acidification at night, malic acid formed in the carboxylation reaction is continuously removed from the cytoplasm and accumulated in the central vacuole. Subcellular compartmentation of this kind appeared to be a prerequisite for homeostatic conditions at the cytoplasmic sites of metabolism. Indeed, vacuoles isolated from mesophyll protoplasts of Bryophyllum daigremontianum contained the bulk of malic acid (4). In Sedum telephium, a CAM plant which allows the preparation of protoplasts within only 2 (4) . This empirically developed procedure yielded protoplasts (Fig. la) suitable for the preparation of vacuoles of the purity and stability necessary for the transport experiments.
Lysis was induced by suspending the protoplasts in a medium containing 0.5 M mannitol, 25 mm Hepes-Tris buffer (pH 7.5), 5 mM EDTA, and 1 mg/ml BSA. Upon incubation at 37°C for 1 min and gentle agitation, practically all of the protoplasts were lysed and a high proportion of vacuoles (50-60o as determined by counting) remained intact. Inasmuch as no suitable media for separating protoplasts from vacuoles by density gradient centrifugation could be found, complete lysis was essential. To isolate the vacuoles, the product of protoplast lysis was layered onto a washing medium containing 0.7 M sucrose, 25 mm Hepes-Tris buffer (pH 7.5), 1 mg/ml BSA, 1.5 mM MgSO4, 5 mm KOH (neutralized with Hepes). The vacuoles were allowed to settle, and the supernatant was sucked off after 2 min before the chloroplasts had moved into the washing layer. On the average, 40% of the malate present in the protoplasts, corresponding to an equal proportion of vacuoles (4), was recovered at the bottom of the washing layer after 5 volume of 1 ml. The actual specific radioactivity in the incubation media was lower because of bursting of a few vacuoles. It was determined each time as indicated below and used for the calculation of uptake rates. After incubation at 200C under gentle agitation, the vacuoles were separated from the incubation media by allowing them to settle across a discontinuous Ficoll gradient consisting of I ml 5% (w/v) Ficoll (Pharmacia) at the bottom and 1 ml 2% (w/v) Ficoll at the top and prepared in 55 x 10 mm plastic tubes. The Ficoll was dissolved in the aforementioned buffered sucrose medium. This slow separation at I g was necessary as Bryophyllum vacuoles are easily destroyed upon centrifugation. On the average, 50%o of the vacuoles had moved into the 2% Ficoll layer after 1.5 min. Hence, the gradients were loaded at X minus 1.5 min after the addition of labeled malate (X = desired incubation period). For the assessment ofthe initial rates ofuptake the incubation periods were 2, 4, and 6 min. Thereafter, the vacuoles were allowed to settle for 15 min. After rapid freezing of the gradients in liquid N2, the bottom of the tubes containing 0.5 ml of the 5% (w/v) Ficoll layer was cut off and used for liquid scintillation counting (Scintillator: Rialuma, Lumac AG, Basel, Switzerland; counting efficiency: 85%) as well as for the determination of malate as a measure of vacuoles recovered. Irrespective of incubation periods up to 6 min, about 95% of the vacuolar malate present in the incubation mixtures settled to the bottom of the gradients. When the incubation time was extended, the recovery of malate in the sedimented vacuoles slowly decreased to a value of 84% after 35 min. Uptake of radioactivity was expressed per unit of malate present in the preparation of settled vacuoles. Aliquots of the supernatant were also withdrawn after the separation of vacuoles, in order to determine the concentration in the incubation mixture of free malate stemming from burst vacuoles.
With this value, the specific radioactivity present in the uptake assay was calculated.
Chloroplasts were collected by centrifugation (5 min, 1,000g) from the supernatant after the settling of the vacuoles. They were washed three times in a medium containing 0.5 M mannitol, 25 mM Hepes-Tris buffer (pH 7.5), and 1 mg/ml BSA. For the assessment of the rates of uptake of malic acid, chloroplasts were suspended in the standard incubation mixture. After incubation, they were layered onto the Ficoli gradients and sedimentated (5 min, 3,000g).
Activities of some marker enzymes and substances were determined as indicated in the legend of Table I .
RESULTS AND DISCUSSION
Transport activity of isolated vacuoles could never be observed unless BSA was added to the medium in which protoplasts were lysed and to all media used subsequently. Although in the absence of BSA about 75% of the vacuoles, exposed to radioactive malate for 6 min, settled to the bottom of the separation gradients, the radioactivity in this bottom fraction was always practically background. When BSA is present in the media, uptake of labeled malic acid (50,UM at the beginning) into vacuoles occurs at a linear rate over a period of 5 to 6 min; it then slows down and levels off after about 35 min of incubation (Fig. 2) . Therefore, initial uptake rates had to be measured within the first 6 min. Because in the presence of BSA about 95% of the vacuolar malic acid settles to vacuoles.min'1) under the same assay conditions (50 tLM malic acid). Determinations of a cytosolic marker, hexose-P-isomerase, and counting in the microscope showed that the proportion of protoplasts in suspensions of isolated vacuoles never exceeded 5%.
Hence, protoplasts were not responsible for the malic acid uptake. The initial rate of malic acid uptake per number of chloroplasts is 70 times lower than per number of vacuoles, measured under the same conditions (50 SM malic acid). As in the purified preparations of vacuoles in the worst case where three chloroplasts were counted per vacuole, the contribution of chloroplasts to the measured rates of uptake is less than 5%.
A Vmax of about 25 pmol malic acid x I0-' vacuoles * min-' was calculated (Fig. 3) . Under 7.5 . From pH 6 to 7.5, the transport activity decreases by about 25% and at pH 8.4 it is reduced to about 30% of the activity measured at pH 6. The transport of malic acid in Bryophyllum vacuoles has features in common with the transport of arginine in yeast vacuoles by the action of a specific permease (3) . Although the concentration of arginine in the yeast vacuoles is up to 1,000 times higher than the concentration in the suspending medium, labeled arginine is transported readily into the isolated vacuoles. This transport is due to the exchange of external arginine with vacuolar arginine as demonstrated by double labeling experiments (3). In a similar fashion, the uptake of labeled malic acid by isolated vacuoles of Bryophyllum appears to reflect a catalyzed exchange diffusion across the tonoplast. The independence of malic acid transport on ATP and uncouplers support this hypothesis as an exchange reaction does not depend on an energy source. It is interesting that electrophysiological considerations have led to the suggestion that malic2-anions may diffuse passively across the tonoplast (8) . For reasons of experimental difficulties, it was impossible to demonstrate the efflux of ['4C]malate from preloaded vacuoles. Nevertheless, we propose that the permease measured catalyzes a facilitated exchange diffusion across the tonoplast which by itself does not result in a net uptake of malic acid into the vacuoles. Therefore, the mechanism generating the driving force for the reversible accumulation and depletion of large quantities of malic acid in vacuoles of CAM plants remains to be elucidated.
